How individuals move through their environment dictates which other individuals they 1 encounter, determining their social and reproductive interactions and the extent to which they 2 experience sexual selection. Specifically, females rarely have the option of mating with all males in a 3 population-they can only choose among the males they encounter. Further, quantifying phenotypic 4 differences between the males that females encounter and those that sire females' offspring lends 5 insight into how social and reproductive interactions shape male phenotypes. We used an explicitly 6 spatiotemporal Markov chain model to estimate the number of potential mates of Anolis sagrei lizards 7 from their movement behavior, and used genetic paternity assignments to quantify sexual selection 8 on males. Females frequently encountered and mated with multiple males, offering ample 9 opportunity for female mate choice. Sexual selection favored males that were bigger and moved over 10 larger areas, though the effect of body size cannot be disentangled from last-male precedence. Our 11 approach corroborates some patterns of sexual selection previously hypothesized in anoles based on 12 describing them as territorial, whereas other results, including female multiple mating itself, are at 13 odds with territorial polygyny, offering insight into discrepancies in other taxa between behavioral 14 and genetic descriptions of mating systems.
Introduction
Sexual selection is a layered process, with animals sequentially having to overcome between potential mates, are equally relevant to understanding the opportunity for sexual selection in other animal species as well, including those where female choice is not usually considered a 46 major selective pressure [13, 15] .
Unexpected opportunities for female choice are often uncovered in species in which earlier 48 behavioral descriptions of mating systems, based on movement patterns as well as social 49 interactions, are found to be inconsistent with more recent genetic descriptions of mating patterns
50
[16]. For example, most birds were widely regarded as monogamous prior to the advent of genetic 51 tools that revealed frequent extrapair copulation [17] . Occasionally, these inconsistencies have 52 prompted researchers to reexamine animals' movement patterns to reconcile behavioral and genetic 53 descriptions of mating patterns (e.g. [18, 19] ). For example, tracking the movement behavior of red 54 deer revealed that females move long distances between harems unexpectedly often, demonstrating 55 the possibility of female choice in a system where sexual selection was thought to be dominated by 56 male-male competition [20] . In general, though, discrepancies between behavioral and genetic 57 descriptions of mating systems remain common-consider how often species are described as 58 "socially monogamous," for example, but "genetically promiscuous." These discrepancies imply that 59 we remain without complete or correct descriptions of movement and social behaviors that account 60 for polygynandry in many species, and are thus unable to fully understand how sexual selection has 61 shaped and is shaped by these behaviors.
62
In this paper, we develop an explicitly spatiotemporal approach to estimate encounters 63 between potential mates from observations of the movement behavior of male and female Anolis 64 sagrei lizards. Our first goal is to investigate if females encounter multiple males, which could offer 65 females the possibility of mate choice. This possibility has previously been considered unlikely in 66 most anoles, which have widely been described as territorial and polygynous despite genetic data 67 revealing widespread multiple mating (reviewed in [21] ). Our second goal is to characterize sexual 68 selection in this population by examining the predictors of male reproductive success at two levels.
69
First we ask if the number of potential mates encountered by males is associated with their 70 phenotype (the spatial extent of their movement and body size). Second, we test three hypotheses to 71 understand the phenotypic differences between potential mates (males encountered by females) and 72 actual mates (males that sire females' offspring). We first examine if females bear offspring sired by 73 the males they encounter more often [22] . Then, we ask if males encountered later in the breeding 74 season are more likely to sire offspring than males encountered earlier ("last-male precedence"; [23] ).
75
Finally, given widespread sexual selection in animals for larger males [24] as well as pronounced male-biased sexual size dimorphism in A. sagrei, we ask if females disproportionately bear offspring analysis. At each subsequent observation of a lizard, we noted its identity as well as the time and location of the observation. We avoided observing the same individual more frequently than once Movement and sexual selection in Anolis sagrei 5 per hour, allowing ample time for lizards to resume normal behavior if disturbed by us.
106
Approximately once a month, we recaptured and re-measured males to estimate the average growth 107 rate of males in this population.
108
We measured distances between the locations at which lizards were observed to triangulate 109 their relative positions. In areas of continuous vegetation, locations more than 1m apart were 110 considered distinct. We also mapped the location of all trees within the site at which lizards were not 111 observed, to include all trees to which a lizard could potentially have moved in our estimations of 112 their movement patterns ( Figure S1 ).
113
At the end of the observation period (which, based on 2014 observations, was approximately 114 when females began laying eggs), we captured 36 marked females and brought them into captivity.
115
Females were housed singly under established anole husbandry conditions [29] until mid-November.
116
Each cage contained a pot of soil in which the resident female laid eggs fertilized by sperm stored 117 from her copulations in the field. Eggs were incubated for two to ten days, after which embryos 118 were dissected from them for genetic analysis.
119

Movement pattern analysis
120
Analyses were carried out in R v. 3.3.2 [30] . We used a discrete-time Markov chain to model 121 lizards' movements between the mapped locations in the site. We divided daytime hours (0800 to 122 2000 hours; anoles are diurnal, so we assumed that the lizards did not move at night) over the 123 sampling period (83 days) into 996 hour-long blocks. Observations were assigned to the bin closest 124 to the time of the observation. Transition probabilities (P ij ) between locations i and j were modelled 125 as exponentially declining with the distance between the locations (d ij ), with rows of the transition 126 matrix then normalized to sum to one (N is the total number of locations):
128
In other words, lizards were modelled as less likely to move to distant locations than to close 129 locations, with a total probability of 1 of moving from each location to some location within the site,
130
including staying at the same location. The value of the exponential decline parameter λ was 131 estimated by maximizing the likelihood of the observed data (including only pairs of consecutive 132 observations of lizards, i.e. no assumptions were made while fitting the model regarding mortality or emigration after the last observation of a lizard) using the bbmle package [31]; separate models were setting cutoffs based on the co-occurrence probabilities calculated for pairs of lizards observed in the same location within an hour of one another. For each hour, we inferred an encounter between a pair of lizards if their co-occurrence probability was larger than the cutoff.
146
To quantify potential mating opportunities for each individual, we calculated the number of 
151
We quantified the spatial extent of an individual's movement by calculating the mean of the 152 distances from each observation of the individual to the centroid of all observations of the 153 individual (mean distance from centroid). Lower mean distance from the centroid indicates smaller 154 spatial extent. We jittered points randomly within a 0.5 m radius along both the X and Y axis of our site before calculating mean distance from the centroid, to account for the 1 m resolution at which 156 locations were mapped ( Figure S1 ).
initially and at recaptures, using nonlinear least squares regression [32] (see Supplementary Information). We used this logistic growth curve to estimate the SVL of each male on the day of each of his inferred encounters, based on his SVL at the nearest capture, to test for sexual selection on male body size and for male avoidance of size-matched males (see below).
Parentage analysis
163
DNA was extracted from the 36 females housed in captivity, all 161 sampled males, and 383
164
offspring using an AutogenPrep 965. Six microsatellite regions were amplified for these individuals
165
(see Table S1 for primer and amplification protocol details; [33, 34] 
186
Hypothesis Testing
187
The number of potential mates encountered and spatial extent (mean distance to the 188 centroid) had right-skewed distributions, and were therefore log-transformed before parametric 189 analyses; SVL was analyzed untransformed. We compared spatial extent between males and females 190 using a t-test weighted by the number of observations per individual, and investigated if variation in males' spatial extent was related to body size, using a linear regression of SVL at first capture vs.
Next, we examined if the number of females encountered by males varied with the spatial extent of males' movement (mean distance from the centroid) and with mean male body size at their encounters with females, using a multiple linear regression weighted by the number of observations 196 per individual.
197
To assess if males avoided size-matched males, we examined the differences in estimated
198
SVL between pairs of males estimated to encounter one another, and compared these differences to 
207
We used a resampling approach to examine ( 
214
We first calculated the difference between means of the number of encounters between female pair, the last hour at which the pair encountered one another and maximum SVL estimated
217
for the male across all encounters between the pair as an estimate of male body size, and then
218
calculated the difference between mean hour of last encounter and mean body size between sires and non-sires. We then recalculated these differences between means after randomly assigning each assignments were performed in two ways. To address hypothesis (1) 235 Figure 1 . Examples of the locations through time for two individuals, U12 and U26 (left), and the probability of their co-occurrence as estimated by the Markov chain model (above). The dashed circles have a diameter of 10 m, which matches previous estimates of the territory size of male Anolis sagrei. 236 transition probabilities were modelled as exponentially declining with the distance between locations.
indicating that males were more likely than females to move longer distances. Using this Markov 240 chain model to estimate individuals' movement patterns and thereafter the probabilities of their co-241 occurrence (see Figure 1 for an example), we calculated that females encountered 5.1 ± 3.7 males 242 (mean ± S.D.) and males encountered 2.9 ± 3.0 females; 78% of females and 60% of males 
266
Males that encountered more females had a greater spatial extent (r 2 = 0.10, 
270
Under the parentage analysis in which we set the potential sires for each offspring to be the 271 males estimated to have encountered their mother, paternity was assigned to 84% of all offspring
272
(323 individuals) at an 80% confidence level. We found that 64% of mothers bore offspring sired by 273 more than one male; including offspring with unassigned sires, this proportion rose to 81%. Using a 274 resampling approach to calculate p-values, we found that sires of offspring encountered mothers 275 significantly more often than did non-sires (mean number of encounters between mothers and sires: 276 102 ± 140; non-sires: 40 ± 65; P < 0.0001). Accounting for variation across males in how often they 277 encounter mothers, we found that sires encountered females significantly later than non-sires (mean
278
± SD of the last hour of encounter for sires: 892 ± 110; non-sires: 605 ± 258; P < 0.0001) and were 279 Figure 3 . Estimated SVL differences between male pairs estimated to co-occur (blue bars), compared with pairwise SVL differences between randomly chosen pairs of males, with random males' sizes estimated on the same days at the observed co-occurrences (white bars).
significantly bigger than non-sires (mean ± SD of the maximum male SVL across encounters for 280 male-female pairs, for sires: 57.8 ± 3.0 mm; non-sires: 53.2 ± 5.6 mm; P < 0.0001; Figure 5 ). Figure 4 . Relationship between the number of females encountered by males and the males' spatial extent (top; measured as the mean distance to the centroid) and males' mean estimated SVL across encounters (bottom). 
282
296
Consistent with previous genetic descriptions of anole mating systems [40] [41] [42] , we found 297 that a majority of females (64%-81%) bore offspring sired by more than one male. However, our results are at odds with most previous behavioral descriptions of movement patterns and mating systems in Anolis lizards, which leaned heavily on, and were constrained by, the framework of 300 territoriality. These behavioral descriptions were often coupled with an implicit expectation that the one male in whose territory they reside (reviewed in [21] behavior may help to reconcile these discrepancies.
315
In territorial species, such re-examinations could further prompt us to revisit explanations of 316 aspects of animals' behavior that have long been interpreted as characteristic of territorial polygyny, 317 to discern if they might also be consistent with female choice. For example, we found that males 318 encounter size-matched males less often than expected at random, which is consistent with male 319 body size in anoles determining the outcome of male-male fights over territory ownership and 320 access to mates [52, 53] and larger males subsequently excluding other large males from their 321 territories [54, 55] . In this context of territoriality, smaller males are hypothesized to evade detection by larger territorial males, residing in their territories and attempting to 'sneak' copulations with 323 resident females. But in taxa where females choose mates based on male body size (as may be the 324 case in this species; see below), larger males that retain smaller neighbors can accrue a mating 325 advantage compared to males with neighbors of equal size (e.g. [56, 57] . Thus, males may engage in agonistic interactions to exclude size-matched but not smaller males from their vicinity, arranging themselves spatially relative to other males in a manner conducive to their success in the arena of That said, territoriality is a multi-faceted concept, pertinent not only to reproductive 330 interactions but also to habitat selection and space use behavior [59] . Our results support long-331 standing views in some of these facets. We found that males are more likely to move greater 332 distances and had a greater spatial extent than did females, which is consistent with previous 333 estimates of sex differences in territory size (e.g. [60, 61] however, the size and cost of tracking or receiving devices and the spatial resolution of GPS data 404 limit the range of taxa for which such methods can be employed.
405
Ultimately, even finer scale location sampling will be insufficient for determining which 406 encounters in fact lead to matings-discovering this crucial aspect of animals' behavior will depend 407 on focal animal observations of encounters in natural or naturalistic conditions. For a male, the gap 408 between encountering a female and siring her offspring can include the sequential gauntlets of male-409 male competition, female mating preferences, and post-copulatory competition and choice [1, 2] .
410
Disentangling effects on mating success at these various levels will be essential to fully 411 understanding how sexual selection shapes behavior, and will require close observation of animal 412 interactions prior to and including mating [80] [81] [82] [83] .
413
However, movement behavior is a precursor to bringing about any of these interactions-it 414 comprises the first step of sexual selection and its quantification is therefore necessary for 415 understanding the shape that sexual selection can take. In this paper, we develop a spatiotemporal 416 framework to quantify movement behavior to estimate encounters between potential mates. This 417 framework reveals an infrequently-recognized opportunity for female mate choice in Anolis sagrei,
418
demonstrates that larger males are favored across multiple levels of sexual selection, and shows 419 evidence for sexual selection on movement behavior and the timing of male-female encounters. We hope that similar frameworks centered on movement behavior can help to organize disparate studies within an assemblage of piophilid flies. Can. J. Zool., 81, 479-491. Modelling lizard locations.
647
As described in the main text, we modelled lizards' movements between locations using a location A n within hour T n , then we calculated the probability that that individual was found at a 652 particular location (L) within the hour T ∈ (T m ,…, T n-1 ) as follows:
N is the total number of locations mapped; in our site, we mapped a total of 318 locations,
654
which included not only locations at which lizards were observed but also trees within the site on 655 which lizards were not observed but to which they might have moved ( Figure S1 ). For the hours Figure S1 . Map of all locations at which lizards were observed. In areas of continuous vegetation, locations more than 1m apart were considered distinct. We also mapped the location of all trees within the site at which lizards were not observed, to include all trees to which a lizard could potentially have moved in our estimations of their movement patterns, amounting to a total of 318 locations.
Estimating Encounters
662
To estimate whether or not a pair of lizards encountered one another, we first performed an 
668
The calculated probabilities of observed co-occurrences, defined as a pair of lizards observed 669 in the same location within one hour of each other, were used to set the probability cutoff by which
670
we defined whether or not other pairs of lizards encountered one another. These cutoffs depended on location. The 318 locations in this site were not uniformly distributed, with some locations 672 clustered more closely together than others ( Figure S1 ). When the probability of movement declines 673 with distance, as modeled here, it is easier to leave a focal location that is close to other locations 674 than it is to leave a relatively isolated location. Consequently, the estimated probability of remaining 675 at the former location will be lower compared to the probability of leaving the latter location. We 676 therefore set probability cutoffs to vary by the locations at which lizards in the pair were seen, on co-occurrence, we calculated the mean distance to the ten closest locations to it, and saw that, as 679 expected, the calculated probability of an encounter at that location between two lizards observed to 680 co-occur increased with increasing distance to the ten closest points ( Figure S2 ). We therefore 681 binned locations on the basis of these distances, into 1 m increments. The minimum probability 682 calculated for observed co-occurrences in each bin, denoted by the black horizontal lines in Figure   683 S2, was set as a cutoff for estimating whether or not an encounter took place, for all pairs of lizards 684 for all hours in the sampling period. Of course, using such a distance-based probability cutoff to 685 estimate encounters meant that we needed to assign a distance to all pairs of lizards for all hours. To 686 do so, at each hour we considered the previous and next locations at which the lizards in the pair 687 were observed, and found the minimum of the means of the ten closest distances for these 688 locations. For defining encounters (as a binary "yes/no" variable) for each pair of lizards at each 689 hour, we assessed if the probability of their encounter at that hour was higher than the appropriate 690 probability cutoff based on the assigned distance.
691
To assess the sensitivity of the 692 number of male-female encounters to the 693 probability cutoff described above, we Because boundary effects of a closed site might artificially increase the number of encounters, we repeating the analyses described above with a simulated buffer of 50 locations, placed randomly within 20 m around the perimeter of the site. Allowing individuals to move to these locations did not alter estimates of the average number of males encountered by females (5.1 ± 3.7) or females 714 encountered by males (2.9 ± 3.0).
715
Growth Curve for Males
716
We estimated the growth curve of males in this population by fitting the following logistic 717 equation (with parameters a and r) to the observed data, using nonlinear least squares regression 718 (Schoener and Schoener 1978) :
where L 1 and L 2 are the SVL of an individual measured at two successive captures, and D is 720 the number of days between the two captures. We used this logistic growth curve model to estimate 721 the SVL of each male on the day of each of his encounters, based on his SVL at the nearest capture.
rates in the main analysis were a consequence of restricting the number of candidate sires relative to the whole population, we also ran ten replicates of the analysis in which we sampled potential sires randomly from all 161 males, preserving the number of potential sires for each offspring individual and supplying the same group of potential sires for all offspring of a single female. Randomizing the 733 identity but not the number of males encountered by each mother yielded 18% paternity assignment assignment rates was due to identifying potential sires with greater accuracy based on their 736 spatiotemporal movement patterns (assignment rate of 84% in the main analysis).
737
Second, we ran an analysis in which all sampled males were provided as candidate sires for 738 all offspring. Simulation parameters specified for this analysis were 161 candidate sires and 0.96 739 proportion of males typed, based on the proportion of observations in the field that were of marked 740 males. Paternity assignments were concordant for 80% of the individuals that were assigned 741 paternity by both analyses. Of the remaining 39 individuals, the LOD scores for 21 mother-sire pairs 742 differed between analyses by less than 1; these were considered false positives from the second 743 analysis, and the assignments of the first paternity analysis were retained for downstream analysis.
744
For the remaining 18 offspring, with mother-sire pairs where the LOD scores between the two 745 analyses differed by more than 1, we found that results were not altered if we conducted 746 downstream hypothesis testing both including and excluding their paternity assignments from the 747 first analysis.
748
Twenty-six individuals that were assigned paternity only when all males were provided as 749 candidate sires. For these individuals, we calculated the minimum distance between any locations at 750 which the mother and putative sire were observed, to assess the minimum distances that these or the median duration of sampling (4 weeks) or both of previous studies (see Table S2 for studies 760 and sample areas and durations included in the calculation of the medians).
761
On average, in the whole dataset, female MCPs overlap with those of 12.8 ± 8.7 males, 762 whereas male MCPs overlap with those of 8.1 ± 6.7 females. In subsamples of a randomly selected 
